The electric conductance of black lipid membranes in aqueous phases was analyzed on the basis of a protonic conduction scheme by assuming a simple model for the dissociation states of Bipolar molecules in the membrane. There appear to be three ways of conduction resulting in this membrane conductance ; i.e., the proton conduction via negatively or Bipolar charged sites and the hydroxyl ion conduction via positively charged sites. The present scheme of protonic conduction can well explain the conductance behavior of the membranes and it is supported by the fact that the membranes showed potential difference in the theoretical magnitude when subjected to a pH gradient. The potential difference shows, however, anomalous characteristics around pH 5, where the membranes seem to take a composite structure due to the applied pH difference, one-half of the membranes being a proton conductor and the other half a negative hole conductor. The activation energy of the membrane conductance is also discussed in this connection over a wide range of pH.
Many investigations
have been made on the properties of "black" lipid membranes because of their importance as a model of biological membranes. Particularly, electric conductivity of the membranes has been extensively studied as a measure of their transport properties (e.g., 1--8) . It has been found that the membrane conductivity is pronouncedly affected by various factors, such as the composition of lipid solution, the additives used in the aqueous phase, etc. However, the kind of charge carrier and the mode of conduction still remain largely unknown.
In our previous paper (9) on the conductance behavior of black lipid membranes prepared from various phospholipid-additive systems in aqueous phase, it was concluded that the electric conductivity of these lipid membranes is determined primarily by the number of protons and/or hydroxyl ions present in the medium and their mobility in the membrane, which approximately depends on the sign and magnitude of the charge on the membrane.
Experimental supports for this conclusion were as follows : (1) membrane conductivity had no appreciable dependence on the concentration of electrolytes in the range below 0.1 M ; (2) the membrane conductivity showed little specificity for the kind of electrolytes used in the aqueous phase ; (3) there were two peaks on the conductivity-pH curves, suggesting the existence of charge carriers of two different kinds; (4) the potential difference caused by a pH-gradient across the membrane was in agreement with the theoretical value expected on the basis of proton diffusion, except in the pH range of 5 to 6 where an appreciable drop in the potential value was observed.
The present paper deals with a numerical analysis of these data on the basis of a proton conduction scheme using a simple model for the related 
H+ and OHion
NoGucxl and KOGA Vol. 16 the electric potential difference between phase 1 and 2, and J1 and J2 the flux rates of proton and OH-ion transport, respectively. As far as the concentration of the charge carriers is concerned, the schematic system can be regarded as a dilute system in the whole pH range under study. Disregarding the osmotic flow component in this dilute system, conductance properties of the membrane are represented to a first approximation by the following linear equations for proton and hydroxyl ion fluxes. (2) where (H) . (H)1 (H)2, (OH) . (OH)1 (OH)2, and generalized force, X; is :
where R is the gas constant, T the absolute temperature, E the electric potential, and F the Faraday constant. The coefficients, az;'s, represent the proper and cross coefficients, when i= j and i v j, respectively. Disregarding the cross coefficients for the present system of small fluxes,
In an isothermal system, (H) (OH) = Kw and 4(OH) = -~O -Kw (H)2 where Kw is the water product constant. Hence, Eq. (6) can be rearranged in the form of
The membrane conductance, A, is given as follows from Eqs. (5) and (7).
Since the membrane potential will take a steady value when J1=J2, the steady value for infinitesimal pH difference is obtained by equating Eq. (5) with Eq. (7).
It seems reasonable from the above considerations to regard the proper coefficients in Eqs. (5) and (7) as follows :
where the first and second terms on the right-hand side of Eq. (10) are due to the contribution from the acid form molecules and the Bipolar form molecules, respectively, while the right-hand side of Eq. (11) represents the contribution of the basic form molecules. The degree of proton dissociation (or association) for the surface sites of the lipid membrane can be given by
where m and n empirically represent the effect of intermolecular interaction on the dissociation (association) degree of the related site, while pKl and pK2 represent the effective dissociation and association constants.
-log C (14) log A pK2= ---nIf k~~k', Eq. (10) will take the following approximate forms in the extreme pH regions, where da -1 or db ~ 1, respectively.
In a similar manner, in the acid region where the contribution of OH-conduction predominates, 
Hence, an approximate expression for the membrane conduction is obtained as follows :
where B= kNA, E= k'NC, and D= k"N The first and second terms on the right-hand side of Eq. (18) represent the contribution of the proton conduction via the negatively charged and dipolar sites, respectively, while the third term the contribution of the hydroxyl-ion conduction by way of the positively charged sites.
RESULTS AND DISCUSSION
The typical conductance data shown in Fig. 1 were analyzed in accordance with the theory mentioned above and the result of the component analysis 1_ and ~± are the contributions of the proton tively charged and Bipolar sites, respectively, and the hydroxyl-ion conduction.
membrane (see Fig. 1 , conduction via the nega-2+ is the contribution of is shown in Fig. 3 . By the use of numerical procedures described in the Appendix, the values of the related parameters are obtained as shown in Table 2 , where those for the phosphatidylserine membrane are also cited for the sake of comparison.
The values of m and n in Table 2 represent the effective order of proton binding of the acid and basic sites, respectively (10), while pKi and pK2 the apparent pK values of these dissociable sites.
Since both m and n take values different from unity, it seems that the true pK values are not constant but depend on the degree of dissociation (association) of the membrane ; the apparent pKi values are larger and the pK2 values smaller than the corresponding ones for the same molecules in a dilute solution (11, 12) , indicating that there is an interaction between each site on the neighboring molecules in the membrane (13, 14) .
Since the A-pH curve has a maximum in the alkaline region as seen in Fig. 1 , it has been assumed throughout the present analysis that k~~k", as can be postulated by referring to Eqs. (10) and (13) . This assumption is found to be consistent with the relevant ratio values experimentally found ( Table 2 ). The fact that k/k'/ 1 means that dipolar forms of these molecules offer only poor conducting sites for protons as compared with the acid forms of the same molecules. The values of k/k" are also far greater than unity and show that these membranes are both intrinsically proton conductors.
It must be noted that k, k', and k" in Table 2 are all apparent mobility constants and may also reflect the difference in the effective number of the related charge carriers in the surface regions. The charge carriers (H+ and/ or OH-) are distributed there among the water molecules hydrating the related polar sites on the surfaces. The (de-)protonation energy of these water molecules are probably different according to the kind and state of the center site and the dissociation state(s) of the counter site(s) on the same molecule, making thus difference in the effective number of the related charge carriers. By and large, the black lecithin membrane is a protonic conductor as seen from the component analysis in Fig. 3 . Only in a limited pH region of 6-7, hydroxyl ion is the majority charge carrier.
Moreover, it appears that the hydroxyl-ion conduction may not be literally effected by the transfer of hydroxyl ions, but it may reflect the negative hole conduction due to the transference of a proton from one neutral water molecule to another protondepleted water molecule.
In this connection, it is most probable that the activation energy of membrane conduction takes different values in this particular pH range, where the negative hole conduction predominates over the alternative proton conduction.
The left peak of curve B in Fig. 1 seems to correspond to this alternation of the two types of carriers.
The activation energy vs. pH curve shows, however, another peak around pH 11-12, which cannot be explained in a similar manner.
The latter peak might be due to some changes in the membrane structure as suggested by the presence of a change in the limiting area of the monolayer film of a similar composition (authors' unpublished data).
The potential drop around pH 5 also appears to be due to the same alteration of the mode of conduction in this particular pH range. The membrane takes different states of dissociation (association) on its opposite interfaces, making, thereby, one-half of the membrane a proton conductor and the other half a negative hole (hydroxyl ion) conductor.
The composite membrane thus made is expected to show rectifying characteristics similar in nature to that of a p-n junction in an electronic semi-conductor and result in a decrease in its membrane potential difference.
It must be noted that these peculiar properties are out of the scope of the present linear analysis and cannot be explained even by taking into consideration the cross coefficients in Eqs. (1) and (2) that have been neglected in the present analysis.
APPENDIX
The parameters used in Eq. (18) can be evaluated from experimental data (9) as shown in Fig. 3 according to the following procedures. i) In the alkaline region :
On the neutral side of the maximum point in the alkaline region where A«(H)n, (H2)[ n -1 where (H2) is the hydrogen ion concentration at which the conduction curve shows a maximum in the alkaline region (Fig. 1) . ii) In the acid region : After making a full plot of the A_ vs. pH curve by the use of Eq. (19) with these parameter values obtained as above, the values of (A -A_) can be graphically obtained by substracting A_ from the observed conductance, A, in the acid region. Now the value of rn will be determined from a slope of log (A -22 plotted against pH in the following range (a) or (b), in a similar way as in the alkaline region. 
The value of C will be given by using a proper equation among the following three, according to the position of the 2± component relative to the 2+ component in the conductance curve plotted against pH. 
where (H1) is the hydrogen ion concentration at which the conduction curve shows a maximum in the acid range. In general, the choice among these equations could easily be made by examining the shape of the conductance curve with special reference to its slopes in the acid region. Thus, Eq. (27) was found as to be used for the present lecithin membrane.
Finally, E and D can be evaluated by using Eq. (22) or (24) with all these parameters obtained above, exactly in the same way as in (i) where the parameter B was evaluated.
